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The RNA genome of the Moloney isolate of murine sarcoma virus (M-MSV)
consists of two parts-a sarcoma-specific region with no homology to known
leukemia viral RNAs, and a shared region present also in Moloney murine
leukemia virus RNA. Complementary DNA was isolated which was specific for
each part of the M-MSV genome. The DNA of a number of mammalian species
was examined for the presence of nucleotide sequences homologous with the two
M-MSV regions. Both sets of viral sequences had homologous nucleotide se-
quences present in normal mouse cellular DNA. MSV-specific sequences found
in mouse cellular DNA closely matched those nucleotide sequences found in M-
MSV as seen by comparisons of thermal denaturation profiles. In all normal
mouse cells tested, the cellular set of M-MSV-specific nucleotide sequences was
present in DNA as one to a few copies per cell. The rate ofbase substitution ofM-
MSV nucleotide sequences was compared with the rate of evolution of both
unique sequences and the hemoglobin gene of various species. Conservation of
MSV-specific nucleotide sequences among species was similar to that of mouse
globin gene(s) and greater than that of average unique cellular sequences. In
contrast, cellular nucleotide sequences that are homologous to the M-MSV-
murine leukemia virus "common" nucleotide region were present in multiple
copies in mouse cells and were less well matched, as seen by reduced melting
profiles of the hybrids. The cellular common nucleotide sequences diverged very
rapidly during evolution, with a base substitution rate similar to that reported
for some primate and avian endogenous virogenes. The observation that two sets
of covalently linked viral sequences evolved at very different rates suggests that
the origin ofM-MSV may be different from endogenous helper viruses and that
cellular sequences homologous to MSV-specific nucleotide sequences may be
important to survival.

The chromosomal DNA of various mamma-
lian species contains multiple copies of nucleic
acids that code for endogenous nontransform-
ing oncornaviruses (3, 6, 17). The origins of
transforming oncornaviruses are not well de-
fined; they may arise by recombinational
events involving helper viruses and additional
viral or cellular genetic infornation (9, 22). The
sarcoma viruses in mammalian cells appear to
consist of at least two covalently linked parts.
One minor portion is unique to the sarcoma
virus genome ("sarc" or sarcoma virus-specific
sequences), whereas the major portion ("com-
mon") is shared with leukemia helper virus (22,
26). The pattern of evolution based on data
obtained from complementary DNA (cDNA) de-
rived from entire endogenous helper viruses
suggested that the rate of divergence of viral
sequences was very rapid and that entire viral
genomes might have been transferred between
species (2, 17). It was of interest to determine

whether each portion of a sarcoma virus ge-
nome has complementary nucleotide sequences
in cell DNA of various species and whether
each portion evolved at similar rates during
adaptive radiation of the species. Such an anal-
ysis of the avian sarcoma virus (ASV) genome
has been in part described (17, 18, 26). The ASV
sequences specific for the transformning ASV
have been reported to be absent (18) or present
with some mismatching in chicken cell DNA
(27). The latter report showed conservation of
these sequences among related avian species.
Extensive data demonstrated that avian helper
leukosis virus information is not well conserved
in fowl other than chickens (15, 17, 24, 27, 30).
We were able to prepare DNA complemen-

tary to Moloney murine sarcoma virus (M-
MSV), and isolated two sets of cDNA, one rep-
resenting the "MSV specific," and the other the
"tcommon"y region of the M-MSV genome (13).
We were able to show that a majority of MSV-
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specific nucleotide sequences were found in nor-

mal mouse DNA essentially without mismatch-
ing in about one copy per cell genome (12). We
now report that MSV-specific nucleotide se-

quences are found in related rodent species
with the proportion and fidelity of sequences

predicted by taxonomic criteria. The rate of
evolution of MSV-specific sequences was found
to be roughly equal to that of mouse hemoglo-
bin sequences. In contrast, the covalently
linked "common" subset of M-MSV nucleotide
sequences diverged rapidly and was almost al-
ready undetectable in a species from the Mus
genus.

MATERIALS AND METHODS
cDNA's. M-MSV was produced by infecting the

319 S+L-clone ofMSV-transforned 3T3FL cells with
the IC isolate of Moloney murine leukemia virus M-
MuLV (1, 10). The supernatant of the chronically
infected cells has maintained a two- to threefold
excess of M-MSV over M-MuLV for more than 2
years, as determined by biological titrations and Crt
evaluation (13). Virus-containing supernatant fluid
was concentrated by 8% polyethylene glycol precipi-
tation and banded through a 20 to 60% sucrose in
phosphate-buffered saline gradient. The banded vi-
rus was then used to make cDNA by the endogenous
reverse transcriptase reaction in the presence of 100
j,g of actinomycin D per ml (ICN) (13). The cDNA
made was 4 to 6S in size, hybridized 90% with ho-
mologous subunit RNA with a Crti of 0.05 mol - s/
liter, and protected more than 90% of iodinated ho-
mologous subunit RNA from RNase T, digestion at a
3:1 to 4:1 molar excess (13). These experiments sug-

gested that the cDNA was a representative tran-
script of the MSV-MuLV viral genomes. The cDNA
had a 5 to 10% background binding the hydroxylapa-
tite (HAP), which was shown by salt elution-HAP
chromatography to be double-stranded DNA (8).
The isolation of cDNA representative of different

portions of the M-MSV genome was described (13).
Briefly, total MSV-MuLV cDNA was hybridized to
an excess of M-MuLV high-molecular-weight RNA,
and the hybridizing cDNA was separated from the
nonhybridizing portion by HAP chromatography.
The fractions were alkali treated, neutralized, and
reconcentrated on HAP. The cDNA's were then hy-
bridized to MSV (feline leukemia virus pseudotype)
RNA, and hybridizing fractions were separated from
nonhybridizing cDNA as before. After several hy-
bridization cycles, isolated cDNA hybridized specifi-
cally to MSV-containing RNAs and not to M-MuLV
RNA. The cDNA was called "MSV-specific" cDNA.
Similarly, a fraction that hybridized equally to MSV
RNA and M-MuLV RNA was obtained. This was

called "MSV-MuLV common" cDNA. Each cDNA
was of a 4S size; each had high Tm values and low
Crti values (0.02 to 0.05 mol * s/liter) with homolo-
gous subunit RNA. To determine what portions of
the MSV genome each represented, we hybridized
the MSV-specific cDNA and MSV-MuLV common

cDNA with iodinated M-MuLV and MSV-MuLV
subunit RNAs at low (two- to threefold) molar ra-

tios. MSV-MuLV common cDNA protected 75% of
MSV-MuLV RNA and 50% of MuLV RNA from
RNase digestion. MSV-specific cDNA protected 20%
ofMSV-MuLV RNA and 0 to 4% ofMuLV RNA from
RNase digestion. These studies demonstrated that
three-quarters of the MSV genome was represented
by MSV-MuLV common cDNA, and one-quarter
was represented by MSV-specific cDNA (13). cDNA
complementary to mouse globin mRNA was a gift of
P. Leder.

Cellular DNA-cDNA hybridizations. Cellular
DNA was prepared by a modified version of the
procedure of Thomas et al. (29). DNA was prepared
from cell packs ofcultured cell lines ofnormal adults
of the indicated species. DNA was sheared to 4 to 65
size by sonication. DNA-cDNA hybridizations were
carried out in 0.75 M NaCl, 70°C, plus 8 to 9 mg of
cellularDNA per ml with 0.5 ng ofcDNA/ml (2 x 107
cpm/,ug), for a total volume of 80 Al. Ten-microliter
aliquots were taken at various times. The aliquots
were fractionated on 2-cm HAP (lot no. 14333) wa-
ter-jacketed columns at 50°C with 0.14 M and 0.3 M
phosphate buffer (PB) washes. The material in the
0.3 M PB was the reassociated DNA, whereas the
0.14 M PB wash material was the single-stranded,
unreassociated DNA (4). Optical density measure-
ments for monitoring cell DNA reassociation and
trichloroacetic acid-precipitable counts per minute
for monitoring cDNA hybridization were carried
out. Cot values were calculated as described by Brit-
ten and Kohne (5) and corrected to a monovalent
cation concentration of 0.18 M Na+. Hybridizations
were carried until plateau values were reached at
¢10,000 Cot.
Thermal denaturation profiles. Thermal dena-

turation profiles were carried out at :10,000 Cot
using 2-cm water-jacketed HAP columns. The melt-
ing profiles were started at 50°C in 5C increments
with 0.12 M PB washes and included 500 to 1,000
cpm of 32P-labeled MSV-MuLV cDNA hybridized
with 65S MSV-MuLV RNA as an internal control.
cDNA of 32P-labeled mouse globin served as an in-
ternal control on a complete set of reassociations
with MSV-specific cDNA or MSV-MuLV common
cDNA. The internal standard for cellular
DNA- cDNA hybridizations consisted of the cell
DNA optical reassociation and the [32P]cDNA globin
hybridization. The internal standard for Tm values
was [32P]cDNA MSV-MuLV hybridized to MSV-
MuLV subunit RNA.

RESULTS
Rate of base substitution of M-MSV-spe-

cifilc sequences in mammalian DNA. Purified
cDNA representing only MSV-specific se-
quences was hybridized with cellular DNA of
several strains of mice as well as with DNA of
related and unrelated mammals. The percent-
age of hybridization and T,, values were deter-
mined by using, in all cases, cDNA of 4S size
with low binding to HAP (O to 2%) and cellular
DNA sheared to similar 4 to 6S size with 85 to
95% maximal self-reassociation under the
standardized conditions employed. As presented
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in Table 1, the normalized 100% result is with
the DNA of the heterologous cat cell infected
with, and producing M-MSV. The actual hybrid-
ization value was 73% at a Cot value of >1.2 x
104 mol - s/liter. It was clear that normal DNA of
several mouse strains reacted 70 to 80% relative

TABLE 1. Presence of Moloney sarc sequences in
cellular DNAs

Speciesa % Hybri- T(C AT.
dized' (OC) (OC)

MSV-infected cat cell, 100 81 0
producer (P521)
clone

BALB/c mouse 79 81 0
C3H mouse 79 80 1
C57B mouse 79 81 0
NIH Swiss mouse 71 81 0
3T3FL line, mouse 71 81 0
IC-3T3FL line, mouse, 71 81 0
MuLV producer

Mus caroli 61 78 3
m. casteneus 57 74 7
Sprague-Dawley rat 56 77 4
Oliver-Mendel rat 56 77 4
Fischer rat 56 77 4
Praomys natalensis 47 75 6
Hamster 41 72 9
Sigmodon rat 37 72 9
Human 24 70 11
Cat 26 70 11
Squirrel 23 68 13
Rabbit 21 70 11
Dog 21 68 13
Guinea pig 16 60 21
Salmon 9 60 21
Chicken 6 60 21
Calf 6 60 21
0 0 56 25

a Cell DNA obtained from liver homogenates by
modified Thomas extraction and sonication to 4S-
size fragments (29), except in the case of 3T3FL, IC-
3T3FL, M. caroli, M. casteneus, human, cat, and
dog, where cell packs of established cell lines were
extracted. Salmon testes and calf thymus DNA,
which were commercial DNAs (Worthington Bio-
chemicals and Miles Research Products, respec-
tively), were reextracted.

b Percentage of renatured at Cot >12,000 mol -s/
liter and normalized for maximal hybridization with
a single preparation of MSV-specific cDNA of 73%
with P521 cell DNA (cat cell infected with MSV and
feline leukemia virus) and 0% background.

e The Tm is the temperature at which half of the
bound cDNA at 60°C-0.12 M PB is eluted, except in
the case of salmon, chicken, and 0 DNA, which had
little or no bound cDNA at 600C-0.12 M PB. In those
cases in which a structured component was lacking
above 600C, the Tm was taken as the temperature at
which half of the bound cDNA at 50°C-0.12 M PB
was eluted. The AT, is the difference in degrees
Celsius between the T, of MSV-infected cell DNA
and the Tm of the given DNA hydrid.
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to the reassociation with DNA of M-MSV pro-
ducing cells. The 80 to 81°C Tm was quite high
and essentially the same with normal mouse
cell DNA as with M-MSV-infected cat cell
DNA, indicating a very closely matched copy in
normal mouse cells. Two related mouse species
had a lower percentage of hybridization (-60%
of normalized value) with a lower T,, by 3 to
7°C. Three strains ofrat had proportionally less
of M-MSV-specific sequences with a 40C lower
Tm. Other rodents such as hamster, Proamys,
Sigmodon, guinea pig, and squirrel were pro-
gressively less related. Human, rabbit, and car-
nivore DNA, representing different taxonomic
orders, contained substantially less homolo-
gous DNA. Artiodactyl, avian, and teleost
DNA had only minimal, very mismatched, ho-
mologous DNA.
Although not shown, in all of the above hy-

bridizations the number ofhomologous copies of
MSV-specific sequences was also examined. It
was of interest that the number of copies of
MSV-specific sequences in several M-MSV-in-
fected cell lines, both mouse and cat, ranged
from 1 to 10 (in preparation). In all of the nor-
mal cell DNAs ofthe various species examined,
the CAtM12 values (2,600 mol-s/liter for BALB/c
DNA, 2,900 mol s/liter for NIH Swiss DNA,
2,000 mol * s/liter for Sprague-Dawley and
Fischer DNA and 2,500 mol * s/liter for 3T3FL
mouse cell line DNA) indicated that whatever
proportion of DNA existed in each species, it-,
was present at only one or a few genes per
genome (Fig. 1 and reference 12). Mouse cells
infected with a producing M-MuLV did not
show any qualitative changes in their MSV-
specific sequences. The copy number of MSV-
specific sequences was also not amplified in
those cells.
Rapid divergence of those nucleotide se-

quences of M-MSV that are also found in M-
MuLV. During purification of cDNA's from M-
MSV, the subset of cDNA sequences shared
with MuLV was isolated by sequential absorp-
tion of M-MuLV (13). These "common" nucleo-
tide sequences were able to protect about 75% of
M-MSV iodinated 30 to 35S RNA and about
50% of M-MuLV iodinated RNA at saturating
ratios (13). When tested with mouse endoge-
nous xenotropic viruses whose information is
also known to be in mouse cell DNA, 49 to 24%
of common sequences of cDNA hybridized (12,
13). Accordingly, common sequences represent
about 50% of the M-MuLV genome and some-
what less of the genome ofrelated murine onco-
viruses.

Hybridization ofcDNA MSV-MuLV common
sequences to various cell DNAs yielded a very
different result from the MSV-specific se-
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FIG. 1. Presence and quantity of MSV-specific,

MSV-MuLV common, or mouse globin nucleotide

sequences in BALBIc mouse cellular DNA. BALBIc

cell DNA was prepared as described in the text and

sheared to 4 to 6S size. Hybridizations were carried

out with 1,500 cpm ofcDNA at 70°C in 0.75 MNaCI
at 8 to 9 mg of cell DNAIml with a 1.5 x 107-
nucleotide excess of cell DNA to cDNA. Aliquots of

the hybridization mixture were removed and tested

for both reannealed cell DNA and hybridized cDNA

as described in the text. Hybridization curves are

shown of BALBIc DNA reacting (a) MSV-MuLV

common cDNA, (A) MSV-specific cDNA, (0) and

mouse globin cDNA; (O) cell DNA reannealing is

shown also. The numbers represent actual hybridiza-

tion values.

quences as seen in Table 2 and Fig. 2c. Cat cells
infected with M-MSV hybridized maximally
(with 67% of the common cDNA), whereas all
normal mouse cells tested showed only 50 to
60% reassociation of the probe with cell DNA
relative to the cat cell hybridization values.
The T,, of hybrids of "MSV-MuLV common"
DNA and normal mouse cell DNA were re-

duced by 3 to 6' when compared with MSV or
MuLV producing cells. However, already Mus
caroli DNA had very little of the common nu-
cleotide sequences, and the T,,, was lower by
21°C indicating a significant lack of relation-
ship. Rat cell DNA had about as little in the
way ofcommon nucleotide sequences as M. car-

oli DNA. However, the hamster DNA, al-
though phylogenetically further removed from
mice and rats, had a significantly greater per-
centage and a higher T,,, of the common nucleo-
tide sequences. Feline DNA also had a detecta-
ble presence ofcommon nucleotide sequences of
M-MSV, whereas canine cells had none. When
melting profiles of mouse DNA unique se-
quences hybridized to DNA of different species
were compared under the same conditions (Fig.
2d), the expected phylogenetic differences were

confirmed (16). Accordingly, outside the mouse
species the presence of the common M-MSV
sequences was highly variable and quite unpre-
dictable based on the expected evolutionary re-

lationships.
Comparisons of evolutionary rates of some

TABLE 2. Presence ofM-MSV "common" sequences compared with the relationship of mouse unique
sequences in cellular DNAs

Tmb ATm Unique se-SpecieSa %a Hybridized (OC) (OC) Copy no. quences ATm

MSV-MuLV-infected mouse cell 100 81 0 11
MuLV-infected mouse cells 100 81 0 6
MSV-infected cat celle 100 78 3 6
BALB/c mouse 60 75 6 7 0
NIH Swiss mouse 55 75 6 6 0
Mus caroli 6 60 21 5d
Fischer rat 8 60 21 15e
Hamster 20 68 13 18e
Cat 12 66 15
Dog 2 60 21
Chicken 3 60 21
0

a The same conditions used as in Table 1. The maximal actual hybridization value was 67% with a 3%
background. The percentages of hybridization are normalized to 100% for the MSV-MuLV-infected cell
DNA.

b Tm is calculated the same as in Table 1 except for Mus caroli, Fischer rat, dog, chicken, and 0 DNA in
which case the Tm was taken as the temperature at which half of the bond cDNA at 50°C-0.12 M PB was
eluted. This was done because these hybrids had no structured components to the melting profile above 60°C.

e MSV-infected cat cell is infected with m,MSV. The MSV-MuLV common cDNA is from m3MSV.
d Personal communication of R. Benveniste.
e Data of Laird et al. (16).
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FIG. 2. Thermal denaturation profiles on hydroxylapatite of cDNA cell DNA hybrids or reannealed
cellular DNA. Denaturation profiles and controls were performed as described in the text after reaching a Cot
of8,000 to 10,000 mol - slliter. The hybrids used included (a) MSV-specific cDNA hybridized to cellularDNA
of (0) rabbit, (0) calf, (A) Fischer rat, (V) cotton rat, (-) BALBIc mouse, (A) C3H mouse, (V) C57BL mouse,
(0) Mastomys, (*) Mus caroli, (O) cat, (*) hamster, (*) dog; (b) mouse globin cDNA hybridized to cell DNA
of (-) cat, (A) dog, (0) hamster, (O) NIH Swiss mouse, (V) chicken, (A) BALBIc mouse, (O) Mus caroli, (V)
Fischer rat; (c) MSV-MuLV common cDNA hybridized to cell DNA of (O) P521 (cat cell infected with MSV
and FeLV), (0) hamster, (A) NIH Swiss mouse, (A) BALB/c mouse, (-) Mus caroli, (O) chicken, (V) dog,
(G) cat, (V) Fischer rat; (d) cellularDNA after reannealing of (0) cat, (A) human, (A) BALB/c mouse, (0)
NIH mouse.
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viral and cellular DNA sequences. Of the
available norrns describing phylogenetic se-
quence relationship of cell DNAs, the differ-
ences in the Tm of unique sequences has been
used with the understanding that it is descrip-
tive of an average value comprising many
genes (16). However, it was clear from various
sources that within a single species different
genes evolve at different rates so that some
genes, i.e., fibrinopeptides, are poorly con-
served and others, such as cytochrome c and
ribosomal RNA, are almost completely con-
served in related species (7, 20). A single gene
sequence such as hemoglobin whose product,
function, and amino acid sequences are well
known would be a useful standard of compari-
son for the rate of divergence of "MSV-specific"
and "MSV-MuLV common" sequences. Table 3
and Fig. 2b present the rate of fixation of nu-
cleotide substitutions for the globin gene as
measured by the presence of homologous nu-
cleotide sequences in the DNA of various spe-
cies, and the reduction of T,, values. Globin
DNA is apparently well conserved among' spe-
cies, and although the percentage of hybridiza-
tion tended to diminish fairly rapidly, the T.. of
the conserved regions is quite high. Carnivore
globin DNA is much less related, and the avian
globin is only minimally related. It is clear that
M. musculus is closely related to M. caroli, less
to rat, and still less to hamster. Thus, the prob-
able taxonomic schema, unique sequence differ-
ences, and the changes within the hemoglobin

TABLE 3. Presence of mouse globin sequences in
cellular DNAs

Evolution-

Species % Tma ATm ary9 dis-
(OC) (OC) tance

(myr)

BALB/c mouse lOOc 76 0 0
NIH Swiss 92 77 0 0
mouse

Mus caroli 69 74 3 2
Fischer rat 57 72 5 5
Hamster 33 72 5 12
Rabbit 20 63 13 60
Cat 18 52 22 >60
Dog 29 54 24
Chicken 8 50 26
0 0 50 26

a Without internal 32p. Standard run in parallel on one of
four hydroxylapatite water-jacketed columns. Cell DNA Tm
(84 + 1°C) tested on each run.

b Based on Simpson (25). Mus caroli divergence is esti-
mated from unique sequence ATm - see Table 2. The hybrid-
izations were performed in the same tubes with "MSV-
MuLV common" cDNA.

e Maximal actual hybridization value was 51% to
BALB/c DNA with 0% background. All percentage hybridi-
zation values have been normalized to 100% for the homolo-
gous BALB/c DNA value.

gene are in reasonable agreement. The direct
comparison ofcDNA representing MSV-specific
nucleotide sequences with globin cDNA and
assorted cellular DNAs leads to the conclusion
that MSV-specific copy was well conserved and
evolved at approximately the rate of the globin
gene. In contrast, common nucleotide se-
quences of M-MSV were much less well con-
served and, compared with the globin DNA
relationship, appear to be present or absent in a
phylogenetically less predictable pattern.

DISCUSSION
Two subsets of representative cDNA were

obtained from M-MSV: the MSV-specific por-
tion, which was complementary to a quarter of
the nucleotide sequences found only in M-MSV,
and the "common" portion, representing the
remainder of the M-MSV genome (13). The
common nucleotide sequences are shared by M-
MSV and MuLV; the Moloney strain of MuLV
was the closest related, and the xenotropic mu-
rine oncornavirus from NZB mice was least
related. The MSV-specific cDNA had no se-
quences in common with any known MuLV,
xenotropic murine oncornavirus, Kirsten MSV,
Harvey MSV, or mouse mammary tumor virus
(12). The genetic content of the MSV-specific
sequences is under investigation. The common
sequences are definitely MuLV genes, as seen
by the translation in nonmurine M-MSV-trans-
formed cells of a p60 protein containing MuLV
gs-1 antigenic determinants (19).
The availability of cDNA complementary to

distinct portions of the M-MSV genome allowed
the examination of their presence in nonnal
mouse DNA, as well as in the DNA of related
species. At least the majority of MSV-specific
sequences were present as a single closely
matched copy in the DNA of all normal mouse
cells. In related Mus species the proportion of
hybridizing sequences and the T. of hybrids
was diminished. Other rodents contained still
less of a copy with more mismatching of se-
quences. Some rodents such as squirrels and
guinea pigs had very little relationship to MSV-
specific nucleotide sequences, which supports
Simpson's model of extensive radiation among
rodents and lack ofcommon ancestors ofSciuri-
dae, Cavidae, and Muridae families (25). The
DNA of several other orders of mammals had
only minimal sequences in common with MSV-
specific cDNA. Accordingly, the evolution of
MSV-specific sequences seemed to parallel nor-
mal speciation. Although only the majority (71
to 79%) of MSV-specific nucleotide sequences
appear homologous to normal cell DNA, this
lower final hybridization may be related to the

J. VIROL.
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low copy number in these normal cells, as op-
posed to the MSV-producing control cells,
which have 5 to 10 copies ofMSV DNA per cell.
Reconstruction experiments using MSV-in-
fected cat cell DNA diluted with normal cat cell
DNA suggest that the lower final hybridization
of low copy number DNA is a hybridization
artifact (11). The present findings are in agree-
ment with the sarcoma-specific cDNA of ASV,
a copy of which was found in normal chicken
DNA and a related copy in each of several
related avian species (27). There were also
fewer of the ASV,rC sequences in the related
avian species. A point of difference lies in the
fact that the M-MSV-specific sequences have a
closely matched copy in nonnal mouse DNA,
whereas the copy ofASV-specific sequences hy-
bridizing with chicken DNA has a T. reduced
by 40C.

In contrast, the common nucleotide se-
quences found in M-MSV were present in nor-
mal mouse DNA only to a lesser extent and
already with significant mismatching. In M.
caroli and the rat, the common sequences were
essentially absent, but these partially recurred
in the hamster and the cat. It is clear that
common nucleotide sequences of M-MSV did
not track with the expected evolutionary pat-
terns. A similar result was previously obtained
in extensive studies of primate oncornavirus
evolution using cDNA probes derived from
whole endogenous viruses. These "virogenes"
radiated quite rapidly among species so that
when examined by endogenous oncovirus
cDNA, clear differences could be seen among
primate species whose unique DNA sequences
were otherwise very similar (3). In the avian
oncovirus system, several studies indicated
analogous lower degrees of relationship or ab-
sence of viral genes among closely related spe-
cies (15, 17, 24, 27, 30). In the MuLV system as
well, using cDNA probes from AKR type of
MuLV, it was apparent that a set of virus-
specific information was present in some
strains ofmice but absent in others (6). There is
evidence that virogenes could at times be hori-
zontally transmitted to unrelated species and
from then on become a part of normal cellular
DNA of that species (3). The present findings
of more common sequences in the hamster and
the cat than in M. caroli does in part follow
from the known genetic composition of their
oncornaviruses and their respective interspe-
cies antigenic determinants (21).

The conservation of the MSV-specific nucleo-
tide sequences among species was compared
with one known mouse cellular gene, the hemo-
globin gene, whose amino acid sequence, struc-
ture, and function are well known. It appeared

that the rate ofevolution ofthe globin gene was
roughly comparable to that of the MSV-specific
sequences, and that both sequences evolved
more slowly than the average of cell DNA
genes, as measured by unique-sequence hybrid-
ization. However, it is clear that within an
organism, genes evolve at different rates, so
that some genes such as those for fibrinopep-
tides are less well conserved whereas those cod-
ing for globin, insulin, or cytochromes are
much better conserved (16). Two predictions
arise from these findings: if the conservation of
genes correlates with the requirement for finc-
tional integrity of the coded protein, which is
important for survival of the animal, then the
product of the M-MSV-specific sequences may
serve some important role in mammalian de-
velopment or survival. Second, because there is
a greater conservation of amino acid primary
sequences in the face of a potentially greater
substitution in the coding of the bases, we
might expect that the MSV-specific protein is
more highly conserved and, once isolated or
characterized, it could be readily traced
throughout mammalia.

Finally, the finding of two subsets of distinct
nucleotide sequences, covalently linked in the
virus but evolving at totally different rates, is
interesting. Perhaps, a ready explanation can
be found in the previously detailed hypothesis,
which states that oncogenic RNA viruses may
arise by a recombination of endogenous oncor-
navirus sequences and some cellular control
information, which is then transduced to sus-
ceptible cells (9, 23, 27). Similar hypotheses
have also been advanced (28).
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